genes have revealed the existence of novel microbial lineages, many with no known cultivated representatives. Ribosomal RNA-based analyses, however, often do not provide significant information beyond phylogenetic affiliation. Analysis of large genome fragments recovered directly from microbial communities represents one promising approach for characterizing uncultivated microbial species better. To assess further the utility of this approach, we constructed large-insert bacterial artificial chromosome (BAC) libraries from the genomic DNA of planktonic marine microbial assemblages. The BAC libraries we prepared had average insert sizes of < 80 kb, with maximal insert sizes . 150 kb. A rapid screening method assessing the phylogenetic diversity and representation in the library was developed and applied. In general, representation in the libraries agreed well with previous culture-independent surveys based on polymerase chain reaction (PCR)-amplified rRNA fragments. A significant fraction of the genome fragments in the BAC libraries originated from as yet uncultivated microbial species, thought to be abundant and widely distributed in the marine environment. One entire BAC insert, derived from an uncultivated, surface-dwelling euryarchaeote, was sequenced completely. The planktonic euryarchaeal genome fragment contained some typical archaeal genes, as well as unique open reading frames (ORFs) suggesting novel function. In total, our results verify the utility of BAC libraries for providing access to the genomes of as yet uncultivated microbial species. Further analysis of these BAC libraries has the potential to provide significant insight into the genomic potential and ecological roles of many indigenous microbial species, cultivated or not.
Introduction
Perspectives on microbial diversity in natural habitats have changed significantly over the past decade. Cultivation-independent surveys of microbial ribosomal RNA have greatly expanded the known phylogenetic variety of microbial species on earth (Pace, 1997) . The accepted distributions of major microbial groups, including archaea, have been dramatically altered by such molecular phylogenetic analyses of naturally occurring microbes (Giovannoni et al., 1990; DeLong, 1998) . It is now well established that many newly detected but uncultivated microbial groups can represent major components of natural microbial assemblages (Pace, 1997) . One implication of these results is that the specific biological properties of some of the most abundant and widespread microorganisms on our planet remain entirely unknown.
Detailed characterization of naturally occurring microorganisms is a significant and still largely unresolved challenge for microbiologists. Cultivation-independent rRNA gene surveys provide perspective on the phylogenetic diversity of indigenous microbes. Single gene phylogenetic surveys do not, however, allow detailed inference of physiology, biochemistry or ecological significance. The lack of appropriate techniques for characterizing naturally occurring prokaryotes has severely limited our understanding of native microbial species. A number of approaches to linking uncultured microbes with their specific functional and ecological properties are currently being explored. Novel cultivation strategies (Huber et al., 1995; 1998) , stable isotope DNA probing and biomarker analyses coupled with phylogenetic surveys (Boschker et al., 1998; Hinrichs et al., 1999; Radajewski et al., 2000) and radiotracer studies combined with phylogenetic staining techniques (DeLong et al., 1989; Lee et al., 1999; Ouverney and Fuhrman, 1999) , represent a few approaches. Despite current efforts, however, little information is yet available on the genetics, physiology or biochemistry of widespread and abundant, yet uncultivated, microbial types.
The introduction of bacterial artificial chromosome (BAC) cloning vectors has dramatically improved genomic cloning efforts. BACs are modified plasmids that contain an origin of replication derived from the Escherichia coli F factor. The replication of the BAC vector is strictly controlled, keeping the replicon at one or two copies per cell. Initial reports of BAC development and characterization (Shizuya et al., 1992) demonstrated that these vectors can stably maintain and replicate inserts larger than 300 kb. Shizuya et al. (1992) also suggested that BAC vectors display a low level of chimerism as a result of two genes carried on the plasmid (parA and parB). More recently, BAC vectors have been demonstrated to stably maintain inserts as large as 600 kb (Zimmer and Gibbins, 1997) .
The vast majority of cultivation-independent surveys of microbial populations to date have used polymerase chain reaction (PCR) amplification of gene fragments to characterize naturally occurring assemblages. A few studies have used lambda phage (Schmidt et al., 1991) or fosmid vectors (Stein et al., 1996; Schleper et al., 1998; Vergin et al., 1998; Millikan et al., 1999) to recover large genome fragments (20±40 kb) from natural assemblages. Recent improvements in analytical techniques, including the development of the BAC vector, now provide significant advantages over previous approaches. In this report, we describe the construction of a large-insert BAC library from the DNA of a marine microbial assemblage. A rapid method for screening archaeal and bacterial rDNA containing BACs was developed to assess the phylogenetic diversity and representation in the library. Finally, a 60 kb archaeal genome fragment was identified and shotgun sequenced to provide further information on uncultivated planktonic euryarchaeotes, as well as to verify the integrity the BAC clones.
Results

BAC library preparation
An environmental BAC library was prepared from a natural microbial assemblage collected from surface waters off the Californian coast. The library consisted of 6240 clones arrayed in 65 microtitre plates (96 wells). The first step in constructing the library was isolation and partial digestion of high-molecular-weight DNA from a mixed microbial population. Undigested environmental DNA (Fig. 1, lane 1) contained a substantial amount of nucleic acid in the size range 50±350 kb. This sheered DNA masked the HindIII-digested DNA that was generated in subsequent steps of BAC library preparation (Choi and Wing, 1999) . Partial restriction enzyme digests were therefore assessed by monitoring the appearance of DNA smaller than 50 kb and the decrease in DNA in the highmolecular-weight (. 1 Mbp) condensed zone (compare lane 1 with lanes 5±9 in Fig. 1 ).
Initial conditions used to separate the DNA used 30± 60 s pulses over 18 h for pulsed field gel electrophoresis (PFGE). Subsequently, DNA in the 150±300 kb size range was excised from the gel. The diversity and average size of the initial library (1632 clones) generated from these fragments was estimated by PFGE of NotI-digested fragments (Fig. 2) . The average insert size of the BAC clones was approximately 60 kb, ranging from 18 kb to 155 kb ( Fig. 2A) . Attempts to resolve the high-molecularweight DNA further from smaller DNA trapped within the gel (Osoegawa et al., 1998) failed, most probably because of large decreases in DNA recovery. Varying PFGE conditions (20±40 s pulses over 18 h; Choi and Wing, 1999) improved the separation of high-molecular-weight DNA from smaller fragments. These PFGE conditions were used to prepare size-fractionated HindIII partial digests for constructing a second BAC library (4608 clones). This second library had average insert sizes of 80 kb, ranging in size from 45 kb to 110 kb (Fig. 2B) a. Dir indicates direction of transcription, namely to the right (1) or to the left (±). b. The proteins are designated by their gene identification numbers followed by the abbreviated species name: ACEXY, Acetobacter xylinus; ARATH, Arabidopsis thaliana; ARCFU, Archaeoglobus fulgidus; BACSU, Bacillus subtilis; BACSP, Bacillus sp.; CHLPN, Chlamydophila pneumoniae; CHLTR, Chlamydia trachomatis; DICDI, Dictiostelium discoideum; DROME, Drosophila melanogaster; ECOLI, Escherichia coli; HALVO, Halobacterium volcanii; MESHU, Mesorhizobium huakuii; METJA, Methanococcus jannaschii; METTH, Methanobacterium thermoautotrophicum; RICPR, Rickettsia prowazekii; SYNSP, Synechocystis sp.
after NotI digestion (Fig. 2 ). This may be indicative of a high GC content in some clones.
Environmental BAC library screening and analysis
The two libraries were screened together, using a multiplex PCR approach (Stein et al., 1996) , for the presence of archaeal ribosomal RNA-containing clones. The BAC library originated from surface sea water that typically contains about 5% archaea, most of which belong to a planktonic group of euryarchaeotes (Massana et al., 1997; DeLong et al., 1999) . Using archaeal-specific 16S rRNA primers, we failed to detect any archaeal rRNApositive clones. Using archaeal-specific 23S rRNAtargeted PCR primers, however, we detected one positive clone (37F11). The approximate size of the archaeal clone was 60 kb, based on analysis of HindIII and NotI restriction digests (data not shown). Phylogenetic analysis of the archaeal 23S rRNA gene indicated its affiliation with the Euryarchaeota (Table 1) , with Thermoplasmales as the closest cultivated phylogenetic relative . Further analysis showed its specific affiliation with the group 2 planktonic euryarchaeotes ( Fig. 3A ; DeLong et al., 1999) . Primers designed to amplify the ends of BAC 37F11 failed to detect any contiguous BACs in the library.
To assess the quality of the library further with respect to its general representation of the indigenous microbial assemblage, we searched for rRNA-containing clones related to the`SAR11 cluster'. SAR11-like rRNAs are affiliated to the alpha subdivision of the Proteobacteria (Giovannoni et al., 1990; Field et al., 1997) , and are apparently derived from a very abundant and widespread, Representatives from the second library.The gels were electrophoresed for 13 h at 128C in 0.5 Â TBE buffer at 6 V cm 21 with 5±15 s pulses. Lane 1, l DNA digested with EcoRI and HindIII (Promega); lane 2, 5 kb ladder marker (Bio-Rad); l, l ladder marker (Bio-Rad). Arrow indicates the BAC vector.
but as yet uncultivated, group of planktonic bacteria. Using SAR11-specific PCR primers, three clones containing SAR11-like rRNA genes were identified (28E3, 40E9 and 62A3). Surprisingly, these three clones were significantly smaller in size (6±11 kb; Fig. 4 ) than the average insert size of either library (60 kb and 80 kb). Phylogenetic analysis of the 16S rRNA genes on clones 28E3, 40E9 and 62A3 confirmed their specific affiliation with the SAR11 cluster (Fig. 3B) .
A rapid screening method was developed to identify bacterial rRNA gene-containing clones in the library. The approach exploited length heterogeneities (GarciaMartinez et al., 1999) in the intergenic transcribed spacer (ITS) and surrounding regions of the rRNA operon to distinguish different phylogenetic types. After purification, the BAC minipreparation pools were treated with an exonuclease that targets linear DNA, decreasing E. coli chromosomal DNA contamination. BAC pools were then screened with bacterial-targeted PCR primers that amplified a portion of the 16S±ITS223S operon. As shown in Fig. 5 , of the 25 total plates analysed, most produced a distinct pattern, with an average of three or more distinct rDNA fragments per 96 clones. DNA from the different bands was reamplified using the same primers, and sequences were determined either directly from PCR products or from the cloned PCR products. The majority of reamplified bands yielded single, legible sequences, and their phylogenetic affiliation was determined (Fig. 3) . Representatives from the Roseobacter group were present in the majority of the plates (Fig. 5) . All the PCR fragments corresponding to the Roseobacter group migrated as 4.2 kb and were easily separated from the other amplicons. Six out of the total 25 plates analysed contained SAR116-like rDNA BAC clones, six contained Flexibacter±Bacteroides±Cytophaga (FBC) rDNA BAC clones, four contained plastid-like rDNA clones, and two contained SAR86-like BAC clones (env. SAR156 subgroup). Single rDNA-containing BAC clones were detected that shared closest relatives with mitochondria, gamma-proteobacteria (Teredinibacter-like), b-proteobacteria or Synechococcus (Figs 3 and 5) .
The plates containing SAR116-like and SAR86-like BAC clones were analysed further, and the exact position of the BACs in the plates was assigned. In contrast to the SAR11-like clones, the SAR86-like and SAR116-like clones were not significantly different from the average library insert size, with the exception of clone 31A8 (a SAR86 cluster affiliate), which had an insert size of < 140 kb (data not shown). Based on HindIII restriction fragment length polymorphisms (RFLPs), the two SAR86-like clones differed from each other, and the same was true for the SAR116-like clones. Sequence analyses of these 16S rDNAs confirmed their affiliation with the SAR86 and the SAR116 clusters (Fig. 3B ).
Sequence analysis of clone 37F11, a genomic fragment from a planktonic Euryarchaeote
The entire sequence of the 60 kb archaeal BAC clone 37F11 was determined. This archaeal genome fragment had an average G1C content of 45% and encoded both 5S and 23S rDNA. The 23S rRNA gene was not linked to 16S rRNA, similar to the genomes of the closest cultivated phylogenetic neighbours of this archaeon in the order Thermoplasmales. Thirty-eight predicted protein-encoding genes were identified on the BAC clone, with 15 showing significant similarity to genes of known function. The majority were most similar to archaeal homologues (Table 1) . Open reading frames (ORFs) matching known or hypothetical archaeal proteins were as densely packed as has been reported previously for other archaeal genomes. These archaeal homologues were dispersed over the entire 60 kb insert, providing substantial evidence that this entire insert represents a contiguous genomic fragment derived from a marine euryarchaeote. Some genes seem to provide evidence for lateral transfer from bacteria (Table 1 ) and are associated with functions that are typically variable within archaea. These include two distinct surface subtilisin-type proteases, a bacterial-type adenylate kinase, a glycosyltransferase involved in succinoglycan biosynthesis and a fusion of two enzymatic domains, namely a pyrrolidone carboxyl peptidase and a Nudix family pyrophosphohydrolase within a single protein.
Of particular interest is an array of three genes, one of which encodes a predicted Zn-dependent, membrane-associated hydrolase, adjacent to two extremely large membrane proteins with no detectable homologues in other species.
Discussion
The primary objective of this study was to construct large-fragment DNA libraries from natural microbial assemblages in order to characterize the genomes of uncultivated microbial species directly. With the BAC system, it is possible to clone large DNA fragments, and insert sizes greater than 650 kb have been reported (Zimmer and Gibbins, 1997) . BACs are therefore an intermediate position between smaller lambda phage or cosmid vectors and the larger yeast artificial chromosomes. As a cloning system, the BACs have some distinct advantages, which include rapid and facile clone isolation and analysis, very low chimerism and the stable maintenance of extremely large genomic inserts. In this study, we show that preparation of large insert-containing BAC libraries from natural microbial assemblages is feasible, informative and allows the recovery of very large genomic fragments from diverse and uncultivated population members. Using the approach described here, we have now generated BAC libraries from natural microbial populations that have average insert sizes greater than
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The screening approach used to evaluate the environmental library employed multiplex PCR, a rapid and highly effective method for screening the arrayed libraries (Green and Olson, 1990) . We used domain-or groupspecific ribosomal RNA-targeted primers to screen initially for the presence and diversity of representative prokaryotic groups. To screen for the domain Bacteria using domain-targeted PCR primers, we developed a procedure to eliminate interference by contaminating host DNA. Overnight treatment of the pooled BAC minipreps with ATP-dependent DNase was sufficient to digest E. coli chromosomal DNA, facilitating the detection of BAC clones harbouring bacterial rRNA genes (Fig. 5) . Screening by amplification of a 16S±ITS223S region provided sufficient size variation to discriminate clones belonging to different phylogenetic groups.
The library was initially screened with archaeal-specific primers, and one clone containing archaeal large-subunit rRNA was isolated. This cloned DNA fragment was a 60-kb-long fragment derived from a surface-dwelling, euryarchaeotal planktonic archaeon. The library was next screened for the presence of a cosmopolitan marine alpha-proteobacterial lineage, the`SAR11 cluster'. Three clones were identified, all significantly smaller (6±12 kb) than the average insert size of the library (60±80 kb). It is unlikely that these three clones were all so abbreviated in size solely by chance. Most probably, genes linked to the rRNA operon in SAR11 chromosomal DNA were toxic to E. coli, even when present as a single copy on the BAC vector. Previous reports have shown that expression of genes cloned on BAC vectors is reasonably efficient in E. coli and can lead to altered phenotype in the recombinant clones (Rondon et al., 1999) . The possibility will always exist that, in any given population, some microbial DNA fragments may harbour genes toxic to E. coli, which will not be represented in BAC libraries.
Most of the pooled plates gave at least two different PCR products, and almost all had a distinctive 4.2 kb PCR product that was assigned to the Roseobacter group, suggesting that these organisms were abundant in our sample. Interestingly, high chlorophyll concentrations indicated high phytoplankton abundance in the sample from which the BAC library was prepared (T. Pennington, personal communication). This may explain in part the high frequency of Roseobacter-like and Cytophaga-like BAC clones. Roseobacter species are found in association phytoplankton cultures, and they may be involved in the degradation of the algal sulphur-containing osmolyte dimethyl sulphoniopropionate (DMSP) (Gonzalez et al., 1999) . Likewise, Cytophaga species have been observed in high abundance in association with marine aggregates (DeLong et al., 1993) and phytoplankton blooms (Glockner et al., 1999; Riemann et al., 2000) .
Each analysed 96-well plate in the library produced on average three or more distinctive rDNA-containing BACs, yielding a rough estimate of 3±4% rDNA-containing clones in the library. Assuming an average of 3 Mbp per bacterial genome, one rRNA operon and an average insert size of 80 kbp per clone, one would expect a theoretical yield of 2±3% rRNA gene-containing clones. Our estimated recoveries of 3±4% rDNA-containing BAC clones are quite close to this calculated theoretical recovery. In a qualitative sense, the phylogenetic representation of 16S rDNAs contained in the BAC library was in general agreement with previous reports on the recovery of PCR-amplified rDNAs from marine plankton (Suzuki and DeLong, 2000) . Alpha-proteobacteria, such as Roseobacter species, and SAR11-like bacteria have 
. Phylogenetic analysis of 16S or 23S rRNA genes harboured on different BAC clones (EBAC).
A. Neighbour-joining tree based on evolutionary distances (1994 homologous nucleotide positions) of 23S rRNA genes with BAC clone 31A8 in the domain Archaea. Aquifex pyrophilus (Y15785) and Thermotoga maritima (M67498) 23S rRNA sequences were used as outgroups and are not shown in the tree. B. Neighbour-joining tree based on evolutionary distances (644 homologous nucleotide positions) of rRNA genes from different BAC clones in the phylum Proteobacteria. *RDP sequences. C. Neighbour-joining tree based on evolutionary distances (534 homologous nucleotide positions) of rRNA genes from different BAC clones in the domain Bacteria. Bold, environmental clones recovered in previous studies. Red, EBAC clones described in the present study. FBC, Flexibacter±Bacteroides±Cytophaga group. Construction of environmental BAC library 523 been reported in PCR-amplified rRNA gene libraries from both coastal and oceanic samples (Giovannoni et al., 1990; DeLong et al., 1993; Fuhrman et al., 1993; Gonzalez and Moran, 1997; Rappe et al., 1997; Suzuki et al., 1997) . Ribosomal RNA genes from SAR116 and SAR86 clusters, the Teredinibacter subgroup and the beta subdivision of the Proteobacteria have also been PCR amplified from similar coastal plankton samples Suzuki et al., 1997) . In our study, significant amounts of chromosomal DNA were detected from as yet uncultivated phylotypes, such as the SAR11, SAR116 and SAR86 clusters. Importantly, our BAC library results are unbiased by PCR artifacts, and so verify the results of previous PCR-based studies.
The majority of the proteins encoded in the 60 kb sequence of the archaeal BAC clone 37F11 belong to conserved archaeal families. A specific affinity with Euryarchaeota was detectable in many cases (Table 1) , consistent with the phylogenetic affiliation of group II planktonic Archaea inferred from 16S and 23S rRNA gene sequences (DeLong, 1992; DeLong et al., 1999) . These data are also consistent with the notion of a stable core of conserved archaeal protein families (Makarova et al., 1999) and establish this organism as a typical archaeon. However, several genes may show evidence of lateral transfer from bacteria (Table 1) and are associated with functions that are typically variable between different archaea. These include two distinct surface subtilisin-type proteases that are encoded by tandem genes but are only very distantly related to each other. These are typical bacterial proteins that, among archaea, have so far been detected only in the crenarchaeote Aeropyrum pernix (Kawarabayasi et al., 1999) . The enzymes from the two archaea are not specifically related, suggesting the possibility of independent horizontal transfer of bacterial genes. Other examples of such apparently independent horizontal gene transfer into different archaea include the bacterial-type adenylate kinase and a glycosyltransferase involved in succinoglycan biosynthesis. Another unusual hypothetical protein consisted of two enzymatic domains, namely a pyrrolidone carboxyl peptidase and a Nudix family pyrophosphohydrolase. Both parts, particularly the Nudix domain, showed a significantly greater similarity to bacterial than to archaeal homologues (with the exception of pyrrolidone carboxyl peptidase from Thermococcus litoralis), which may suggest a history of horizontal transfer for this gene. A gene orthologous to the bacterial DnaJ molecular chaperone was also present on clone 37F11. DnaJ has been found in a limited number of archaeal species, including Methanobacterium, Methanosarcina and Halobacterium (Conway de Macario et al., 1995; Smith et al., 1997; Macario and Conway de Macario, 1999; Makarova et al., 1999) . This is compatible with a history of horizontal transfer from bacteria to the archaea accompanied by gene loss in some of the archaeal lineages. Several proteins on the archaeal BAC clone did not have detectable homologues in other species and, in that sense, appear unique. Certain functional predictions are possible nevertheless. Most notable is an array of three genes, one of which encodes a predicted Zn-dependent, membrane-associated hydrolase, whereas the other two encode extremely large, unique membrane proteins (Table 1 , ORFs 33, 34 and 35). It seems likely that these proteins together comprise a novel membrane-associated proteolytic system. Additional genomic sequence data are needed, however, for greater insight into the physiology of this organism.
One way to gain further information from the BAC libraries is to look for contigs of specific clones by sequencing cloned insert termini and screening via thè sequence tag site' approach. Another approach would be by random BAC end sequencing of the arrayed library (Kelley et al., 1999) and screening for specific protein signatures or functional and phylogenetic markers. This procedure should be particularly beneficial in screening for more archaeal clones. Using such approaches, we have already found contiguous sequences for specific phylogenetic groups exceeding 200 kb in size. Additionally, we have now prepared similar libraries with an average insert sizes of 100 kb, with individual clones approaching 200 kb in size (O. Be Âja Á and C. Preston, unpublished data).
The environmental BAC libraries we describe here now provide access to genomes of uncultivated microorganisms that can often represent major components of naturally occurring microbial assemblages. It is true that a good number of`housekeeping' genes and unidentified ORFs will be encountered on the way to gaining significant information on physiological or biochemical characteristics. Even these genes, however, can provide significant information on evolutionary affinity, gene organization, regulation and codon usage.
In addition to gene discovery, environmental BAC libraries provide necessary reagents for other experimental approaches, for example identification of uncultivated species in situ by chromosomal painting techniques (Lanoil and Giovannoni, 1997) . Large-insert BAC libraries also contain the information and materials necessary for metabolic pathway reconstruction, enzymological studies and preparation of DNA microarrays to monitor distribution, gene expression and the environmental responses of uncultivated microorganisms. The BAC libraries we describe here can serve as tools to understand better a number of diverse and abundant, but uncultivated, microorganisms common throughout the world's oceans. These genomic approaches cannot, of course, replace detailed physiological and biochemical information derived from cultivation studies. Unlike cultivation, however, the approach described here is generic, and so can provide near equal access to the genomes of many diverse, naturally occurring microbial species.
Experimental procedures
Cells and plasmid
, rpsL, nupG] and the BAC vector pIndigoBAC536, a derivative of the pBeloBAC11 (Kim et al., 1996) vector with a mutation in the lacZ gene, were kindly provided by Dr H. Shizuya (Department of Biology, California Institute of Technology, Pasadena, CA, USA).
Cell collection, preparation of DNA and partial digestion of embedded DNA Agarose plugs were prepared with concentrated picoplankton cells from surface sea water collected in the early spring of 1999 at station M2, located approximately 26 miles offshore from Moss Landing, CA (36.78N, 122.48W) . A 500 l sample was collected from the running sea-water system of the RV Point Lobos (collected from about 3 m depth). The sample was prefiltered through a GF/A glassfibre filter (Whatman) to remove most of the larger eukaryotic phytoplankton cells. The filtrate was then concentrated by tangential flow filtration using a DC-10L ultrafiltration system fitted with a 30 000 Da cut-off H10P30-20 polysulphone hollow fibre cartridge (Amicon). Concentrated bacterioplankton cells were collected by centrifugation at 30 000 g using a Sorval SS34 rotor (DuPont) and resuspended in 0.5 ml of 0.2 mm filtered sea water. High-molecular-weight (HMW) DNA was prepared according to the method of Stein et al. (1996) . Digestion of DNA was performed according to the method of Zimmer and Gibbins (1997) .
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DNA size fractionation HMW partially digested DNA in agarose slices was loaded either in 1% low melting agarose SeaPlaque GTG agarose (FMC) in the case of GELase treatment or on 1% SeaKem Gold agarose (FMC) when electroelution was used (see below). The gel was run on a clamp homogeneous electrical field (CHEF)-DR II PFGE machine (Bio-Rad) at 128C, 6 V cm 21 for 18 h with 30±60 s pulses for the first library and 20±40 s pulses for the second library (Choi and Wing, 1999 ) (see Results) in 1 Â TAE buffer. Agarose slices containing DNA in the size range 150±300 kb were cut out of the gel and dialysed twice with 1 Â GELase (Epicentre) buffer and then treated for 1 h at 458C with 1 unit of GELase 100 mg 21 gel in order to digest the agarose. Alternatively, the HindIII-digested DNA in the agarose plugs was electroeluted in dialysis tubing according to the method of Osoegawa et al. (1998) , except that TAE buffer was used instead of TBE buffer.
BAC vector preparation
The BAC vector was prepared according to the method of H. Shizuya (personal communication) . One millilitre of overnight culture of E. coli carrying the pIndigoBac536 vector was inoculated into 1 l of LB broth containing 12.5 mg ml 21 chloramphenicol (CM) and grown to late log phase at room temperature with shaking at 300 r.p.m. The plasmid DNA was extracted using the Plasmid Maxiprep kit (Qiagen) according to the manufacturer's protocol, except for the following modifications. The cell pellet (from 1 l) was resuspended in 25 ml of Qiagen P1 solution and incubated at room temperature for 5 min. Qiagen P2 solution (50 ml) was then added and mixed gently by inversion. This solution was kept on ice for 10 min. Then, 37 ml of Qiagen P3 solution was added, and the mixture was inverted gently and kept on ice for 10 min. E. coli cell debris was pelleted by 30 min centrifugation at 15000 r.p.m. in a Sorval SS34 rotor at 48C. The supernatant was transferred to a fresh tube and the centrifugation repeated. One column was used for every 500 ml of culture. Column equilibration, washing, elution and DNA precipitation were according to the manufacturer's protocol for purification of very low-copy-number plasmids, and the DNA pellet was resuspended in 1 ml of 1 Â TE buffer. In order to eliminate E. coli DNA contamination further, the vector DNA was incubated overnight at 378C with the restriction enzymes MluI (5 units mg 21 DNA), ClaI (5 units mg 21 DNA) and ATP-dependent DNase (Epicentre) in 1 Â NEB buffer 4 (New England Biolabs) with 1 mM ATP. The enzymes were then heat inactivated by incubation at 658C for 15 min. The vector pIndigoBAC536 was digested to completion at 378C for 5 h with HindIII (Promega) and dephosphorylated with alkaline phosphatase CIP (New England Biolabs). The digested vector was purified further by gel electrophoresis in a 1% agarose minigel and extracted from the gel using the GeneClean Spin kit (BIO 101).
Ligation DNA (50±200 ng) excised from the gel was mixed with dephosphorylated pIndigoBAC536 in a molar ratio of 1:10 and incubated at 568C for 10 min. The mixture was cooled to room temperature (Zhu and Dean, 1999) for 15 min, and only then were 4 units of T4 DNA ligase (Boehringer Mannheim) added to a final volume of 100 ml of 1 Â ligase buffer (Boehringer Mannheim). After an overnight incubation at 168C, the ligation reaction was incubated at 658C for 10 min to inactivate the ligase and drop dialysed for 2 h against 0.5 Â TE buffer using a Millipore 0.025 mm VSWP filter.
Electroporation
Dialysed ligation products (4 ml) were used to transform 50 ml of DH10B-competent cells. The competent cells were prepared as described by Sheng et al. (1995) . The Gene Pulser II electroporation system (Bio-Rad) was used to transform the cells with the following parameters: voltage was set to 1.3 kV, resistance to 100 ohms and capacitance to 25 mF (Sheng et al., 1995) in a 0.1 cm disposable cuvette. Transformed cells were immediately suspended in 1 ml of SOC medium (2% bactotryptone, 0.5% bacto yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl 2 , 10 mM MgSO 4 and 20 mM glucose) and incubated for 1 h at 378C in a shaker incubator at 220 r.p.m. The transformed cells were plated on LB agar plates containing 12.5 mg ml 21 chloramphenicol, 50 mg ml 21 Xgal and 25 mg ml 21 IPTG. The plates were incubated for 24 h at 378C. White colonies were transferred to individual wells of 96-well microtitre plates containing 180 ml of LB with 12.5 mg ml 21 chloramphenicol plus 7% glycerol (v/v). The microtitre plates were incubated at 378C for 20±24 h and then stored at 2708C.
Minipreparation of BAC DNA and restriction analysis
The average size of the cloned insert DNA fragments was estimated from 48 randomly selected clones. Minipreparations of BAC cloned DNA were performed using 1.5 ml of overnight culture according to the method of Amemiya et al. (1996) . NotI-digested DNA was separated on 0.5 Â TBE, 1% SeaKem Gold agarose (FMC) run on a CHEF-DR II PFGE (Bio-Rad) machine for 13 h at 128C in 0.5 Â TBE buffer at 6 V cm 21 with a 5±15 s pulse time. The gel was stained with 0.5 mg ml 21 EtBr for 1 h and destained for 10 min in distilled water.
Multiplex PCR
Minipreparation of pooled plates for multiplex PCR screening was performed as described above, with the following modifications: BAC clones were grown overnight at 378C in 180 ml of LB, 12.5 mg ml 21 chloramphenicol in microtitre dishes. After BAC minipreparation, an additional overnight treatment with ATP-dependent DNase (Epicentre) was performed according to the manufacturer's instructions. Multiplex PCR screening of the library was performed as described previously (Stein et al., 1996) . The oligonucleotides used for the identification of archaeal clones targeted either archaeal small-subunit ribosomal RNA genes Ar20-F (TTCCGGTTGATCCYGCCRG) and Arch958R (TCCGGCGTTGAMTCCAATT) (DeLong, 1992) or archaeal large-subunit ribosomal RNA genes LS177F (GAAYTGAARCATCTYAGTA) and LS2445a-R (CCCYGG-GGTARCTTTTCTST) . For the identification of plasmids containing inserts belonging to the SAR11 cluster (Britschgi and Giovannoni, 1991) , we used the primer set 433F (CTCTTTCGTGGGGAAGAAA) and 567R (CCACCTACGWGCTCTTTAAGC), which is specific for SAR11 cluster 16S rDNA (M. T. Suzuki et al., in preparation) . Finally, we used the bacterial-specific primers Eub27F (AGAGTTTGATCCTGGCTCAG) (Lane, 1991) and EULSU1933eR (ACCCGACAAGGAATTTCGC) for amplification fragments containing the 16S rDNA, ITS and 23S rDNA.
Phylogenetic analysis of 16S and 23S rDNA PCR fragments containing 16S±ITS223S rDNA with unique sizes recovered during library screening were extracted from the gel using the GeneClean Spin kit (BIO101). DNA fragments were either used directly for sequencing reactions or cloned into the pCR2.1 vector using the original TA cloning kit (Invitrogen) before sequencing. DNA sequences were performed by the dideoxy termination reactions with labelled M13F and M13R primers using the Excel II LC kit (Epicenter). The labelled fragments were sequenced using a model DNA4000 or DNA4200 automated DNA sequencers (LiCor). Preliminary identification and screening of these partial sequences was performed by comparison with the NCBI GenBank database using the BLAST program. Bidirectional sequences of the entire 16S rDNA or, in some cases, the entire 16S±ITS223S rDNA fragment were obtained for clones representative of all major phylogenetic groups recovered using internal primers, as described elsewhere (M. T. Suzuki et al., in preparation) . The 16S rDNA sequences were imported into a large (. 12 000 sequences) alignment based on the 6PUB97.ARB alignment kindly provided by the ARB software group at Technische Universita È t Mu È nchen, Germany (http://www.mikro.biologie.tu-muenchen.de). The sequences were automatically aligned using the ARB alignment tool, and alignment errors were corrected. Sequence distances for 534 homologous positions of the 16S rDNA of 22 EBAC clones and 52 sequences representative of major bacterial phyla were performed using the DNADIST program from the PHYLIP v3.5 package (Felsenstein, 1993) , using the Kimura (1980) two-parameter model. Phylogenetic trees were calculated using the NEIGHBOR program from the PHYLIP v3.5 package. In order to evaluate the consistency of the branching of the phylogenetic trees, 100 randomly resampled data sets were produced by the program SEQBOOT, sequence distances and phylogenetic trees were calculated as above, and bootstrap values were calculated by the program CONSENSE from the PHYLIP v3.5 package. A second tree containing 644 homologous positions of 13 EBAC clones and 37 representatives of all subdivisions of the Proteobacteria was calculated similarly.
For 23S rRNA analyses, the sequences were aligned within a database of 23S rRNA sequences using ARB. Subsequent bootstrap distance analyses were performed using PAUP, version 4.0.0d55, Unix version, in conjunction with the GCG package. Transversion distance analyses using the Kimura (1980) two-parameter model were used to generate distance matrices, with random taxon addition and 1000 bootstrap resamplings of the data set to assign confidence to branches.
Subclone libraries
A subclone library was constructed from clone 37F11. The library was constructed by TA cloning according to Kawata et al. (1998) , except that the DNA was sheared by repeated passage (150 times) through a microemulsifying 25 GG needle, and the DNA was size fractionated using a CL-2B SizeSep 400 column (Pharmacia) according to the manufacturer's instructions. The sheered, dA-tailed DNA was cloned using the pCR 2.1 vector and the original TA cloning kit (Invitrogen). Nucleotide sequences (550 bp on average) were determined on a MegaBACE, 96-capillary automated DNA sequencing instrument (Molecular Dynamics). Contiguous sequences were assembled using the SEQUENCHER 3.1.1 software (Gene Codes).
Sequence analysis ± detection and interpretation of varying levels of sequence similarity
In-depth sequence analysis, based primarily on the use of the PSI-BLAST program (Altschul et al., 1997) for the detection of subtle sequence signals was handled using the SEALS package (Walker and Koonin, 1997) , essentially as described previously (Stephens et al., 1998) . For the prediction of protein functions, the clusters of orthologous groups (COGs) of archaeal proteins (Makarova et al., 1999) were used in addition to the traditional examination of database search outputs. The apparent phylogenetic affinity of genes was determined by examination of the taxon-specific best hits for each protein and the difference in their statistical significance, as well as the phylogenetic distribution of the homologues. A particular phylogenetic affinity, e.g. to Euryarchaeota, was assigned if: (i) apparent orthologues were detected in a wide range of species from the given lineage; and (ii) the similarity to these orthologues was consistently greater than that to orthologues from other lineages. tRNAs were searched using the TRNASCAN-SE program (Lowe and Eddy, 1997) .
Data deposition
Sequences reported in this paper have been submitted to GenBank under the following accession numbers: GenBank AF268216to AF268237and AF268611.
